Opportunities and challenges in the use of coal fly ash for soil improvements – a review by Shaheen, Sabry M. et al.
lable at ScienceDirect
Journal of Environmental Management 145 (2014) 249e267Contents lists avaiJournal of Environmental Management
journal homepage: www.elsevier .com/locate/ jenvmanReviewOpportunities and challenges in the use of coal ﬂy ash for soil
improvements e A review
Sabry M. Shaheen a, Peter S. Hooda b, *, Christos D. Tsadilas c
a Department of Soil and Water Sciences, Faculty of Agriculture, University of Kafrelsheikh, 33 516 Kafr El-Sheikh, Egypt
b Centre for Earth and Environmental Science Research, Kingston University London, Kingston upon Thames KT1 2EE, UK
c National Agricultural Research Foundation, Institute of Soil Mapping and Classiﬁcation, 1 Theophrastos Street, 413 35 Larissa, Greecea r t i c l e i n f o
Article history:
Received 23 January 2014
Received in revised form
3 July 2014
Accepted 4 July 2014
Available online
Keywords:
Coal ﬂy ash
Composition
Nutrients and contaminants
Soil properties
Soil improvement
Wastewater treatment* Corresponding author. Tel.: þ44 20 84172155.
E-mail addresses: smshaheen1973@yahoo.com
kingston.ac.uk (P.S. Hooda), tsadilas@lar.forthnet.gr (C
http://dx.doi.org/10.1016/j.jenvman.2014.07.005
0301-4797/© 2014 Elsevier Ltd. All rights reserved.a b s t r a c t
Coal ﬂy ash (CFA), a by-product of coal combustion has been regarded as a problematic solid waste,
mainly due to its potentially toxic trace elements, PTEs (e.g. Cd, Cr, Ni, Pb) and organic compounds (e.g.
PCBs, PAHs) content. However, CFA is a useful source of essential plant nutrients (e.g. Ca, Mg, K, P, S, B, Fe,
Cu and Zn). Uncontrolled land disposal of CFA is likely to cause undesirable changes in soil conditions,
including contamination with PTEs, PAHs and PCBs. Prudent CFA land application offers considerable
opportunities, particularly for nutrient supplementation, pH correction and ameliorating soil physical
conditions (soil compaction, water retention and drainage). Since CFA contains little or no N and organic
carbon, and CFA-borne P is not readily plant available, a mixture of CFA and manure or sewage sludge
(SS) is better suited than CFA alone. Additionally, land application of such a mixture can mitigate the
mobility of SS-borne PTEs, which is known to increase following cessation of SS application. Research
analysis further shows that application of alkaline CFA with or without other amendments can help
remediate at least marginally metal contaminated soils by immobilisation of mobile metal forms.
CFA land application with SS or other source of organic carbon, N and P can help effectively reclaim/
restore mining-affected lands. Given the variability in the nature and composition of CFA (pH, macro-
and micro-nutrients) and that of soil (pH, texture and fertility), the choice of CFA (acidic or alkaline and
its application rate) needs to consider the properties and problems of the soil. CFA can also be used as a
low cost sorbent for the removal of organic and inorganic contaminants from wastewater streams; the
disposal of spent CFA however can pose further challenges.
Problems in CFA use as a soil amendment occur when it results in undesirable change in soil pH,
imbalance in nutrient supply, boron toxicity in plants, excess supply of sulphate and PTEs. These prob-
lems, however, are usually associated with excess or inappropriate CFA applications. The levels of PAHs
and PCBs in CFA are generally low; their effects on soil biota, uptake by plants and soil persistence,
however, need to be assessed. In spite of this, co-application of CFA with manure or SS to land enhances
its effectiveness in soil improvements.
© 2014 Elsevier Ltd. All rights reserved.1. Introduction
Coal has been and continues to be one of the largest sources of
energy production in the world, showing a dramatic rise in its use,
despite direct impacts of coal combustion on climate change and
human health. In 2006, coal accounted for 25% of the world's pri-
mary energy supply, with its worldwide consumption totaling a
record 3090 million tons of oil equivalent. China is the biggest(S.M. Shaheen), p.hooda@
.D. Tsadilas).consumer of coal, accounting for about 39% of the total world coal
consumption in 2006, followed by the United States (18%), the
European Union (10%) and India (8%) (Vom Berg, 1998; Feuerborn,
2011).
Globally, coal ﬂy ash (CFA) generated in huge quantities from
coal ﬁred power plants, is a problematic solid waste (Skousen et al.,
2013; Ram and Masto, 2014). Most estimates in the current litera-
ture put annual global CFA production somewhere in the region of
500million tons (Ahmaruzzaman, 2010). These estimates, however,
are based on at least 10 years old data. Over the intervening period
coal consumption has already increased by 50%, largely due to the
economic growth in China (International Energy Statistics, 2011).
Taking this into account, a more up to date estimate would mean
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Coal ﬂy ash production and utilization data for 2005 (Pandey and
Singh, 2010) show that India generates the greatest amount of
CFA (118 million tons/year), followed by China (100 million tons/
year), the USA (75 million tons/year), Germany (40 million tons/
year), the UK (15 million tons/year), while Denmark, Italy and the
Netherlands generate smaller CFA amounts (2 million tons/year).
However, India utilizes a relatively smaller percentage (38%) of the
CFA produced compared to other countries e.g., China (45%), the
USA (65%), Germany (85%), the UK (50%) while Denmark, Italy and
the Netherlands utilize 100% of their CFA production (Pandey and
Singh, 2010). The relatively lower amount of CFA utilization in In-
dia (mainly in construction industry) is due to unavailability of
appropriate cost-effective technologies (Bhattacharjee and
Kandpal, 2002; Dhadse et al., 2008).
Clearly a signiﬁcant proportion of the annual production of CFA
must be disposed of especially in the highest production countries
such as India, China, and the USA. Traditionally this has been ach-
ieved by diverting the ash to landﬁlls which incurs a landﬁll tax or
by storing it in ash lagoons. These large lagoons have been known
to breach, causing environmental problems (Dewan, 2008). Envi-
ronmental concerns and increasingly stringent regulations are
gradually increasing the cost of CFA disposal by landﬁlling (Haynes,
2009). The problem of CFA disposal is expected to get worse as the
demand for energy grows.
Current forecasts predict that the next two decades will see the
installation of the same amount of power generation capacity as
that installed over the whole of the 20th century. Part of this in-
crease in demand is likely to be met by renewable energy sources;
however, due to its abundance in energy intensive countries such
as China and India, coal is likely to become an increasingly domi-
nant fuel for power generation (Lior, 2010). Clearly the huge
quantity of CFA produced annually not only poses serious envi-
ronmental concerns but also requires large areas of land for its
storage and disposal. Thus, appropriate measures for its safe
disposal and means of utilization are necessary for sustainable
management of this waste (Singh et al., 2010). So far, two distinct
alternatives CFA disposal options have been used i.e. its utilization
in constructionmaterials and land application as a soil amendment.
In the ﬁrst case, CFA is either used as rawmaterial in the production
of cement clinker or is blended with cement. Coal ﬂy ash is used as
the main component in blended cements, as a sand substitute in
manufacturing of low strength materials, for foundation support
and backﬁlling excavations, and for ﬁlling abandoned tunnels, as
well as numerous others construction works (Siddique, 2010;
Skousen et al., 2013). The other important alternative use of CFA
is its land application, utilizing its properties as a soil amendment
and possibly as a source of nutrient supplementation. Coal ﬂy ash,
however, can contain signiﬁcant amounts of potentially toxic trace
elements (PTEs) and other chemicals, presenting challenges to its
land application for soil improvement.
Utilization of CFA as an ameliorant for improving soil quality has
received a great deal of attention over the past four decades. Several
extensive reviews on recycling of CFA have been conducted in
recent years (e. g., Jala and Goyal, 2006; Basu et al., 2009; Malik and
Thapliyal, 2009; Blissett and Rowson, 2012; Yunusa et al., 2012;
Skousen et al., 2013; Ram and Masto, 2014). However, they have
focused on the multi-component utilization of CFA with a limited
coverage of the environmental challenges. A review by Malik and
Thapliyal (2009) analyzed the general uses of CFA in various in-
dustries with only a brief coverage of its use in the agricultural
sector. Blissett and Rowson (2012) focused on themulti-component
utilization of CFA (agriculture, glass and ceramics manufacturing,
zeolites and mesoporous materials productions, geopolymers
synthesis, and use as catalysts and catalyst supports). Yunusa et al.(2012) considered how CFA can be strategically used to ameliorate
speciﬁc soil constraints to crop production but focussing only on
soil salinity, alkalinity and mainly from economic and regulatory
considerations. However, none of these previous reviews critically
analyzed all of the major relevant environmental issues, which
include practices and problems considerations in devising sus-
tainable use of CFA as a soil amendment. This article reviews the
current status of the CFA disposal practices and problems, partic-
ularly focussing on its use as a soil amendment and the challenges it
presents.
2. Physical and chemical properties of CFA
The mineralogical, physical and chemical properties of CFA
depend on the nature and properties of the parent coal and con-
ditions under which they were produced, and they have been
extensively reviewed (e.g., Adriano et al., 1980; Elseewi et al.,
1980a). The composition and properties of CFA can also vary
considerably, depending on the boiler type and the gas emission
control system (Skousen et al., 2013). It is these properties which
together determine the usefulness of CFA in soil improvement.
2.1. Physical properties
Coal ﬂy ash is comprised of very ﬁne particles, with an average
diameter <10 mm, aggregated into spherical particles of
0.01e100 mm sizes which are hollow spheres (cenospheres) ﬁlled
with smaller amorphous particles or crystals (pelospheres) (Jala
and Goyal, 2006). These cenospheres make CFA particles easily
airborne (El-Mogazi et al., 1988). Coal ﬂy ash generally has a silt
loam texture, with 65e90% of the particles having diameters of less
than 0.010 mm (Chang et al., 1977; Pandey and Singh, 2010;
Nyambura et al., 2011). Ash from bituminous coal is usually ﬁner
than that produced from lignite combustion (Tolle and Arthrur,
1983; Dudas and Warren, 1987).
Due to the small size of CFA particles (cenospheres) and the
pelospheres, CFA has a large speciﬁc surface area ranging from
2500 to 4000 cm2 g1, as measured by the Blaime method (Alonso
and Wesche, 1991); consequently CFA has a high sorption capacity.
Because of this, CFA is used as a sorbent for ﬂue gas cleaning from
sulphur components, NOx, gaseous organics such as toluene va-
pours and is also used for removal fromwastewater of several toxic
metal ions, such as Cu, Pb, Cd, Ni, Zn, Cr, Hg, As and Cs and inorganic
anions such as, ﬂuoride and boron. In addition CFA sorbs consid-
erable amounts of dyes and pigments and has thus been used for
their removal from aqueous waste streams (El-Mogazi et al., 1988;
Alonso and Wesche, 1991). The speciﬁc gravity of CFA varies from
2.1 to 2.6 g cm3 and it has a low to medium bulk density, ranging
from 1 to 1.8 g cm3. Its moisture retention capacity ranges from
6.1% at 15 bars to 13.4% at 1/3 bar (El-Mogazi et al., 1988). The colour
of CFA ranges from water-white to yellow-orange to deep red or
brown to opaque, depending mainly on the Fe2O3 and carbon
contents. The un-burnt coal content, corresponding to loss on
ignition, ranging from 0.5 to 12% is responsible for the black or grey
appearance of CFA. The presence of high amounts of Fe2O3 gives
CFA dark colour (Alonso and Wesche, 1991).
2.2. Chemical properties
The chemical characteristics of CFA depend largely on geological
factors related to the coal deposits and on different operating
conditions/practices employed at the power plants. Thus, CFA from
every coal-ﬁred plant has its own chemical characteristics. The
main constituents of CFA are silica, alumina and iron oxides, with
varying amounts of carbon, calcium, magnesium, and sulphur.
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Class F produced from anthracite, bituminous and sub-bituminous
coals containing less than 7% CaO, and Class C produced from lignite
coal containing more liming material, up to 30% (Wang and Wu,
2006). The pH of CFA ranges between 4.5 and 13.25, depending
largely on the sulphur and CaO contents of the parent coal (Riehl
et al., 2010). CFAs produced from coals containing high amounts
of anthracite (usually contains high amounts of sulphur, S) are
acidic while that produced from lignite (usually lower in S and
higher in Ca) are alkaline. Generally the coal from India is low in S
but high in ash content (40%) compared to the coal produced in the
US which usually is rich in S (2%) but contains only 5e10% ash (Jala
and Goyal, 2006; Singh et al., 2010). The S content of CFA usually
varies from 0.1 to 1.5% while that of soils ranges from 0.01 to 2%
(Page et al., 1979; Hodgson et al., 1982; Warren and Dudas, 1984).
The electrical conductivity (EC) of CFA in water extracts varies
widely (Page et al., 1979; Aitken et al., 1984).2.2.1. Elemental composition of CFA
The elemental composition of CFAs varies widely; however, they
usually contain considerable amounts of plant nutrients except N
when compared to soils (Table 1). Nitrogen in CFA is present in
negligible quantities since it is oxidized during the combustion
process.
Phosphorus in CFA can vary widely (0.0002e1.08%; Table 1),
which in many situations is quite high compared to soils
(0.005e0.2%; Table 1). However, P in CFA is often in forms that are
not readily plant available (Page et al., 1979; Adriano et al., 1980;
Jala and Goyal, 2006). In comparison with CFA, biomass ash con-
tains high concentrations of P that range from 0.01% in bagasse ash
(Jamil et al., 2004) to 10.4% in cereal biomass ash (Eichler et al.,
2008; Schiemenz and Eichler-Lobermann, 2010; Schiemenz et al.,
2011). Schiemenz et al. (2011) reported that the water soluble P in
biomass ash is low; however, about 80% of P is soluble in citric acid,
which is potentially bioavailable. Generally, the P fertilizing effect ofTable 1
Major and trace elements in coal ﬂy ash (CFA) and soils.
Element Coal ﬂy ash
Page et al.
(1979)
Adriano et al.
(1980)
Jala and Goyal
(2006)
Tripathi et al.
(2009)
Major elements, g kg1
Al 1e17.3 ea 312 e
Ca 1.1e222 5.4 34 0.029
Fe 10e290 16 68 0.0032
K 1.5e35 1.8 10.8 0.072
Mg 0.4e76 1.2 1.4 0.017
P 0.4e8 0.5 10.8 0.0027
S 1e15 20 0.02 0.058
Trace elements, mg kg1
As 2.3e6300 e 6.2 BLDb
B 10e618 50 e e
Cd 0.7e130 1.3 1.9 13.4
Co 7e520 7 58 21.1
Cr 10e1000 15 330 38.2
Cu 14e2800 19 0.002 65.8
Hg 0.02e1.0 0.18 e BLD
Mn 58e3000 100 739 0.006
Mo 7e160 3.0 4.0 e
Ni 6.3e4300 15 13 44.2
Pb 3.1e5000 16 35 20.0
V e 20 e e
Se 0.2e134 3 3.6 e
Zn 10e3500 39 79 57.7
a Not measured.
b BLD e below the limit of detection.biomass ashes is comparable to that of highly soluble P fertilizers
such as triple superphosphate (Schiemenz et al., 2011).
Concentrations of P inwood ashes are also relatively higher than
CFA and range between 0.90 and 1.70% (Demeyer et al., 2001;
Saarsalmi et al., 2001; Hyt€onen, 2003). However, similar to CFA, P
in wood ash remains relatively insoluble. In general, P is the least
plant available major nutrient in wood ash (Demeyer et al., 2001).
In short period incubation studies, Ohno (1992) found that <1% of
the added wood ash-P was water-soluble. Thus, there may be some
similarities between P availability inwood ash and CFA. This may be
at least partly due to the similarity in their alkalinity and the
composition. The alkalinity or acidity neutralizing capacity of wood
ash is high (pH ¼ 8.9e13.5; Demeyer et al., 2001). Phosphorus in
wood and CFAs is most probably occluded in aluminosilicates or in
the form of weakly soluble aluminum phosphate (Ohno and Erich,
1990; Erich, 1991; Erich and Ohno, 1992). The release of nutrients
from wood ash and CFA in soil and their plant availability is
complicated. Firstly, wood ash and CFA contain several cations and
each of these cations forms oxides, hydroxides, carbonates and
bicarbonates (Erich and Ohno, 1992; Ulery et al., 1993) which
dissolve at different rates. Secondly, soil nutrient availability is
determined by a combination of three factors: (i) nutrient addition
from the ash; (ii) shifts in pH-dependent soil chemical equilibria;
and (iii) the extent of change in soil microbial activity. Thus, CFA
and wood ash do not seem to be optimal sources of plant available
P, particularly when compared with biomass ash (Schiemenz and
Eichler-Lobermann, 2010).
Calcium, K, and Mg are present in CFAs in similar or higher
concentrations compared to soils and mostly in forms that are
readily plant available. Trace elements (TEs) which are essential in
plant growth such as Cu, Fe, Mn,Mo, Zn, B occur in CFA in quantities
similar or higher than those found in soils, constituting a consid-
erable source of TEs for plants (Table 1), particularly in soils with
their limited supply. However, plant availability of such TEs can
vary greatly, dependingmostly on soil pH (Page et al., 1979; Adriano
et al., 1980).Soil
Pandey et al.
(2009)
Riehl et al.
(2010)
Lopareva-Pohu et al.
(2011)
Page et al.
(1979)
4.8 108.5 0.47 40e300
e 86.4 1.84 7e500
4 36.6 0.31 7e550
e 24.5 0.0021 0.4e30
e 11.5 0.019 0.6e6
1.1 2.1 0.0024 0.05e2
e 2 0.013 0.1e2
e e 20.4 0.1e40
28.9 e 0.40 2e100
42.5 0.03 e 0.01e7
e 26 17 1e40
40.3 148 46 5e3000
58.4 57 38 2e100
e 0.40 e
69.3 679 418 100e4000
33.3 4.2 e 0.2e5.0
204.8 88 48 10e1000
40.2 97 39 2e100
e 182 e 50e1000
e e e 10e25
82.3 167 85 10e300
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also contains signiﬁcant quantities of PTEs (Table 1). Between them,
of main concern are Cd, Pb, Ni, Se, and Hg whichmay enter the food
chain. However, the enrichment of soils with PTEs is considered
negligible because of their generally small level of additions (unless
CFA is applied in excessive amounts), and their usually lower sol-
ubility keeps them in less mobile forms. Elements that are
restrictive to agronomic use of CFA are mostly Mo, Se, and B (Tolle
and Arthrur, 1983; Aitken et al., 1984; Querol et al., 1995), as they
can be present in large amounts when compared to their general
soil levels and their requirements for plant growth. A recent study
of coal and CFA samples, using particle induced X-ray emission
spectroscopic technique conﬁrmed that K, Ca, Ti and Fe were pre-
sent as major elements, whereas, other elements, e.g. V, Cr, Mn, Co,
Ni, Cu, Zn, As, Se, Rb, Sr and Pbwere present in trace amounts (Patra
et al., 2012a). Despite the chemical composition of CFA (Table 1)
being highly variable, the material has the potential for its use for
soil improvement, provided used prudently.
2.2.2. Organic pollutants in CFA e sources and concentrations
CFA also contains organic constituents of potential environ-
mental concern. The organic matter of coals is generally comprised
of two complementary constituents: (a) the principal component is
a macromolecular, insoluble phase consisting of condensed aro-
matic and hydroaromatic units, and (b) a molecular phase of
compounds of low to medium molecular mass, mostly soluble in
organic solvents, assumed to contain variable levels of aliphatic
hydrocarbons, polycyclic aromatic and hydroaromatic hydrocar-
bons, hydroxylated polycyclic aromatic compounds and heterocy-
clic compounds (Mastral et al., 1995; Liu et al., 2000; Pisupati et al.,
2000; Sahu et al., 2004). During coal combustion, organic remains
are released, which through cyclisation or radical condensation
reactions result in the formation of polycyclic aromatic hydrocar-
bons (PAHs), and the combustion of carbon in the presence of
chloro fragments leads to the formation of polychlorinated bi-
phenyls (PCBs). The main source of concern with PAHs and PCBs is
that some members of these groups of chemicals are known mu-
tagens and carcinogens (USEPA, 1992). The PAHs formed can be
emitted as gases or as ﬁne particulate matter (Mastral et al., 2000).
Additionally, PAHs originally emitted in the gaseous phase during
combustion can be subsequently adsorbed onto the CFA generated
(Liu et al., 2000). The combustion processes have been reported as
possible sources of PCBs, which may be formed when a carbon
source and chlorine are combusted together. Highly chlorinated
PCBs can stick tightly to airborne particulates and can get adsorbed
onto the CFA particles, eventually being released to the atmosphere
through smokestack. The low chlorinated PCBs are more reactive in
the atmosphere and can be degraded to carboxylic acids in the
presence of highly reactive molecules (Sahu et al., 2009).
Only a few studies have considered characterization of organic
constituents in CFA. Studies carried out indicate that various
complex organic molecules, such as PAHs, PCBs, polychlorinated
dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans
(PCDFs), and dimethyl andmonomethyl sulphate are present in CFA
(Clement and Karasek, 1982; Gohda et al., 1993; Bagnoli et al.,
2005). Sahu et al. (2009) investigated the characterization and
quantiﬁcation of PAHs and PCBs in CFAs generated in ﬁve power
stations from different parts of India. They reported that lower
molecular weight PAHs were predominant in the CFA samples
examined. The total PAHs in the CFA samples were found to range
between 0.043 and 0.936 mg kg1. The concentration of Benzo(a)
Pyrene, which is the most potent carcinogenic and mutagenic PAH,
varied between 0.82 mg kg1 and 18.14 mg kg1, with a mean con-
centration of 9.02 mg kg1 (Sahu et al., 2009). These authors further
noted that higher levels of PAHs in the CFA were due the higheramount of organic matter in the feed coal. Also, other studies show
that lower molecular weight PAHs are themajor contributors to the
total PAHs in CFA from pulverized coal power station (Mastral and
Callen, 2000). In a study on PAHs emission from coal combustion,
ﬂuorene (a PAH compound) was reported as the main contributor
to total PAHs at awide range of combustion temperatures (Rose and
Rippey, 2002).
The emission patterns of PCBs as determined by their levels in
CFAs are dominated by the tetra substituted congener PCB-77
(Sahu et al., 2009). Among the PCB congeners, CB-77 has higher
toxicity, the concentration of which in the CFA samples were
found to range between 4.58 and 104.98 mg kg1, with a mean
value of 62.53 mg kg1 (Sahu et al., 2009). Trichlorinated PCBs are
generally low; this can be due to their high reactivity in the at-
mosphere and degradation to carboxylic acids in the presence of
highly reactive molecules. Moreover, the concentrations of highly
chlorinated PCBs were nearly constant in all the CFA samples
analyzed (Sahu et al., 2009). The total PCBs in the CFA samples
ranged between 7.3 and 178.7 mg kg1 (Sahu et al., 2009). PCBs
tend to bind to particulates than being in gaseous states (Sloss and
Smith, 1993). Thus, the concentration of PCBs in CFA is generally
signiﬁcant, though less than that of PAHs (Sloss and Smith, 1993;
Sahu et al., 2009).
A comparison of PAH and PCB inventories in CFA from different
thermal power stations showed that the total PCB levels in indi-
vidual plants do not vary as signiﬁcantly as PAHs (Sakai, 1999; Sahu
et al., 2009). Studies carried out on PAH emissions fromvarious feed
materials show that the PAH emissions largely depend on the
properties of the fuel (Sahu et al., 2009). The tendency of different
materials to form PAH can be ranked as follows (assuming all other
variables are kept constant): Coal > lignite > wood > waste
oil > residual oil > distillate oil (Sakai, 1999). This ranking shows a
decline in the tendency of PAH formation with the decrease in ash
content of the feed materials. The emission of PAHs from coal ﬁred
thermal power stations thus depends on the feed coal properties
(Sakai, 1999). Various mechanisms are presumed to account for the
emission of PAHs from combustion processes. The presence of PAHs
in the emissions could be because they are present in the feed
material itself which can pass through the combustion system
without being destroyed (Sloss and Smith, 1993). Also, there could
be reformation of ring structures from fragments and precursors
that can lead to the formation of PAHs in the combustion zone, or
downstream, at temperatures around 700 C; and there could also
be a “de novo” synthesis of PAHs via oligomerization and cyclisa-
tion of acetylenes which are formed as a result of incomplete
combustion (Sloss and Smith, 1993). Additionally, the formation
and release of PAH is also strongly dependent on the combustion
temperature, the residence time in the combustion zone, turbu-
lence, the air to fuel ratio and the presentation of the feed material
(Sloss and Smith, 1993; Neil and Rippey, 2002; Sahu et al., 2009). It
is thus obvious to get a distinct and different pattern of PAHs in the
CFA from different power plants.
There is conﬂicting information on the pattern of PCBs in CFA.
Also, there are differences in the literature on the mechanism of
PCB formation during combustion. Many of the researchers, who
observed the same pattern of PCBs in CFA to that of the commercial
aroclor mixtures, believe that the PCBs are present in the coal itself
and come directly from the feed coal into CFA (Sahu et al., 2009).
Fangmark et al. (1995) and Callen et al. (2007) concluded that there
could be a “de novo” formation of PCBs in the combustion process
from carbon and chlorine in the presence of particulate ash mainly
in the post combustion zone. The pattern of PCBs in CFA will
therefore largely vary according to different operating conditions
and the difference in organic as well as chloro content of the feed
coal in different power plants.
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and PCBs, it is important that these need to be seen in the wider
context, i.e. their levels in other wastes. Comparisons of organic
pollutants in sewage sludge (SS) and CFA often show that total PAH
levels are relatively greater in SS than in CFA (Sahu et al., 2009),
with their SS levels ranging fromnon-detected to 199 mg kg1 (Frost
et al., 1993; Schnaak et al., 1997; Harrison et al., 2006). Moreover,
PCB concentrations in SS can be as much as 5 times greater than
those in CFA (Sahu et al., 2009) and have been found to range from
non-detectable to 765 mg kg1 SS (Chevreuil et al., 1990; Frost et al.,
1993; Wilson et al., 1997; Berset and Etter-Holzer, 1999; Lazzari
et al., 2000; Stevens et al., 2003; Eljarrat et al., 2003; Blanchard
et al., 2004; Katsoyiannis and Samara, 2004; Harrison et al., 2006).
Thus, it appears that PAHs and PCBs in CFA are generally lower than
SS; however, CFA-borne PAHs and PCBs can pose signiﬁcant risk to
the wider environment, especially in situations where CFA is land
applied in excessive amounts. There is also a need to assess the
effects of CFA-borne PHAs and PCBs on soil biota, uptake by plants
and their soil persistence. To our knowledge these issues have not
received much scientiﬁc attention.3. Inﬂuence of CFA application on soil properties
3.1. Physical properties
Land application of CFA can improve soils with poor physical
properties, including texture, bulk density and water holding ca-
pacity. Coarse-textured soils can be amended with CFA to increase
the silt- and sand-sized fractions, which help in aggregation, inﬁl-
tration and soil water-storage (Skousen et al., 2013). However, the
extent of changes in soil physical conditions would depend on the
amount applied and physical properties of the soil and CFA. For
example, Adriano andWeber (2001) found that CFA application had
no effect on the soil bulk density, and attributed this ﬁnding to the
texture and density of the CFA used being similar to that of themost
agricultural soils (2.16 g cm1). However, the CFA application did
increase the plant available water content and water holding ca-
pacity of the soil (Adriano andWeber, 2001). This was attributed to
the large surface area of the spherical-shaped CFA particles which
increases soil microporosity, thus, enhancing soil water holding
capacity. It should however be noted that improvement in the
water holding capacity and plant available water content became
signiﬁcant only at very high CFA application rates (560 and
1120 t ha1 respectively). Such large amounts of CFA application are
likely to induce undesirable changes in other soil properties.
Similar improvements in soil water holding capacity due to CFA
application were found in other studies, as referred in Jala and
Goyal (2006) and Singh et al. (2010). In contrast to Adriano and
Weber (2001), several other studies reported that CFA addition
decreases soil bulk density (Adriano et al., 1980; Singh et al., 2010),
possibly in situations where the bulk density of CFAwas lower than
that of the soil and the amount applied was large.
Coal ﬂy ash application can affect soil hydraulic conductivity,
depending on soil type and quantity of CFA applied. At low rates
CFA improves soil hydraulic conductivity (Adriano et al., 1980).
Pathan et al. (2003) found that application of ﬁne textured acidic
CFA to coarse textured soils reduced drainage and thus increased
water holding capacity. It would thus appear that the use of CFA can
improve soil moisture retention and its plant availability. This,
however, may not be possible without excessive rates of CFA
application, which can cause undesirable consequences, e.g. excess
amounts of PTEs. Nonetheless, the use of CFA as a soil amendment
has the potential to improve soil physical conditions when applied
in appropriate amounts.3.2. Chemical properties
The effect of CFA application on soil chemical properties de-
pends on the chemical composition of CFA. Coal ﬂy ash can change
soil pH in both directions i.e. decrease or increase, depending on
the CFA characteristics and the degree of weathering (ageing). Coal
ﬂy ashes produced from coal containing high amounts of sulphur
are acidic in reaction; land application of such ashes is likely to
decrease soil pH, particularly in soils with neutral to alkaline re-
actions (Pathan et al., 2003). Land application of weathered alkaline
CFA is likely to increase soil pH. Alkaline CFA can be used to
neutralize acidity and raise pH of acidic soils (Skousen et al., 2013).
For example, the application of weathered alkaline CFA (pH
8.5e8.9) to an acidic soil increased its pH from 4.7 to 7.7, propor-
tionally to the CFA application rate (Matsi and Keramidas, 1999).
The highest pH value was obtained with a rate of 50 g CFA kg1 soil
(5%). Similar increases in soil pH after CFA application have also
been reported in other studies (e.g., Tsadilas et al., 2009a; Shaheen
and Tsadilas, 2010, 2013; Lopareva-Pohu et al., 2011). Appropriately
selected CFA (alkaline for acidic soils and acidic for alkaline soils)
can thus be used for soil pH correction purposes.
Electrical conductivity (EC) is another important property of
agricultural soils in terms of its effect on plant growth. Since CFA is
rich in soluble salts, usually its soil application increases soil EC
(Matsi and Keramidas, 1999; Singh et al., 2010; Tsadilas et al.,
2009a,b), which can be undesirable. However, in some cases soil
EC decreased following CFA application (e.g. Sinha and Gupta,
2005; Gupta and Sinha, 2009). The decrease in soil EC in these
cases was attributed to the precipitation of the soluble compounds
in the ash amended soils due to concurrent signiﬁcant increase in
the soil pH. In general it can be said that CFA application to soils is
not likely to increase EC to harmful levels for most agricultural
crops, unless CFA is applied in excessive amounts.
Soil boron (B) can be elevated following CFA application
(Tsadilas et al., 2002; Matsi and Keramidas, 1999). Boron is usually
present in considerable amounts in CFAs (Table 1). The increase in B
plant-availability, however, usually remains at levels which are
nontoxic to agricultural crops (Matsi and Keramidas, 1999). This is
probably due to the fact that water soluble B in CFA usually un-
dergoes gradual decrease with the time of storage or its land
application (Adriano et al., 1980).
Since CFA contains sulphur (S), it can be applied to S-deﬁcient
soils and when applied in sufﬁcient amounts it can help correct S-
deﬁciency in plants (Chang et al., 1977). Signiﬁcant increased sup-
ply of all the metallic nutrients has been noted following CFA soil
application (Jala and Goyal, 2006; Gupta and Sinha, 2009; Singh
et al., 2010), with the exception of Zn in some cases. In fact,
Adriano et al. (1978) reported that CFA soil application caused Zn
deﬁciency symptoms in plants grown in CFA amended soils,
possibly due to concurrent increased soil pH which decreased Zn
solubility. However, when applied in appropriate amounts and
considering the likely changes in soil pH (depending on the pH of
the soil and CFA) CFA can be a useful source of micronutrient
supplementation.
Coal ﬂy ash often contains appreciable amounts of many PTEs
(Table 1). Generally the ﬁner the CFA texture the higher the
amounts of PTEs they contain (Adriano et al., 1980). Contamination
of soils and groundwaterwith PTEs is themain concernwhen CFA is
disposed of on land. CFA soil application generally increases the
total content of PTEs, as reported in several studies (e.g., Jala and
Goyal, 2006; Gupta and Sinha, 2009; Ahmaruzzaman, 2010), and
also increases their leaching potential (Jala and Goyal, 2006).
However, the bioavailability and leaching potential of CFA-borne
PTEs may not increase signiﬁcantly or may decrease with time
especially in the cases of alkaline CFA due to the expected increase
Table 2
Impact of CFA application rate on plant growth and yield.
Type of plant CFA application ratea Yield CFA rated compared References
Control CFA Treatment
Rice 0, 2e8% (w/w)b 25.3 g pot1 27.7 4 Sikka and Kansal (1995)
Wheat 3.7 g pot1 3.8 2
Tomato 0, 10e100% 4.5 g pot1 9.5 60 Khan and Khan (1996)
Faba bean 0, 10e30% 3.0 g pot1 4.2 10 Singh et al. (1997)
Ryegrass 0, 0.5e5% 15.8 g pot1 28.5 5 Matsi and Keramidas (1999)
Rice shoot 0, 20e100% 9.7 g plant1 10.8 40 Singh and Siddiqui (2003)
Rice grain 29.3 gc 30.3
Sesbania cannabina 0, 10e100% 22 g plant1 35 25 Sinha and Gupta (2005)
Rice 0, 40e120 t ha1 4.0 t ha1 5.6 80 Lee et al. (2006)
Rice straw 0, 10e100% 9.5 g plant 1 18.5 25 Dwivedi et al. (2007)
Rice seed 6.5 13.6
Palak (Beta vulgaris) 5% 0.37 g roots plant1 0.36 5 Singh et al. (2008)
20% 0.37 0.15
Wheat straw 0, 0.25, and 0.5% 5.8 t ha1 12.4 5 Tsadilas et al. (2009a)
Wheat grain 2.1 t ha1 4.4 0.25
Pigeon pea 0, 25e100% 35.4 pod plant1 37.5 25 Pandey et al. (2009)
105.7 seed plant1 110.2
Wheat grain 100 t ha1 3.0 t ha1 4.4 100 Tripathi et al. (2009)
Maize grain 2.9 4.3
Eggplant fruit 1.2 1.5
Mung bean 0, 5e20% 94.6 t ha1 105.8 10 Singh and Agrawal (2010)
Rice root 2 and 4% 0.15 g pot1 0.25 2 Gu et al. (2011)
Rice steam 0.60 1.25
Rice leaves 1.10 1.30
Maize grain 200 t ha1 2.5 t ha1 3.2 200 Patra et al. (2012b)
Rice grain 2.2 t ha1 3.0
Mentha piperita 0, 25e100% 6.7 g pot1 10.5 50 Kumar and Patra (2012)
a A range of application rate is given where numerous CFA rates were used.
b All CFA treatments expressed at % CFA are based on weight (CFA) by weight (soil) basis i.e. w/w.
c Weight of 1000 seeds.
d For succinctness purposes only a single CFA rate is compared here. At this CFA rate (% or t/ha, as expressed in its application ratee see under application rate) plant growth
either had a positive/negative no response.
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(2012b) indicated that CFA is a useful soil amendment which can
improve the physical and chemical properties of nutrient deﬁcient
soils and thus improves the soil fertility and productivity. The risk
of soil contamination with CFA-borne PTEs can be mitigated by
controlled land application of CFA in terms of its amount and the
concentration of PTEs.
3.3. Microbial properties
Despite the considerable amount of work on the inﬂuence CFA
has on soil physical and chemical properties, there is not much
information relating to the effects of CFA on soil microbial prop-
erties. Coal ﬂy ash can affect soil microbial activity through its in-
ﬂuence on pH, salinization, toxicity of boron and other TEs, and by
its inﬂuence on soil physical conditions (Carlson and Adriano,
1993). A laboratory incubation study showed that the application
of CFA to a sandy soil inhibited microbial respiration, enzyme ac-
tivity and N mineralization (Pandey and Singh, 2010). Wong and
Wong (1986) found that CFA addition decreased microbial respi-
ratory activities, especially in a sandy soil, as CO2 evolution
decreased considerably in the highest rate of CFA applied. Also, CFA
addition may inhibit microbial activity through TEs excess supply
to soils, particularly when CFA is applied in excessive amounts and
soil reaction (pH) becomes favourable for their solubility, i.e. when
acidic CFA is applied to poorly buffered soils. It is well known that
rhizobacteria have different tolerance proﬁle to different metals
(Pandey and Singh, 2010); thus their activities may be inﬂuenced by
a particular metal or group of metals when they exceed their
tolerance limits. Coal ﬂy ash application to soils (which in general
contains TEs e see Table 1), thus can contaminate soils with avariety of TEs which may hinder microbial activity (Adriano et al.,
1978). This clearly would depend upon the amount of CFA-borne
TEs supplied and their solubility in the soil, which can be
controlled by controlling the rate of CFA application and main-
taining appropriate soil pH conditions.
4. Impact of CFA application on plant growth
Coal ﬂy ash through its inﬂuence on soil physical, chemical and
biological properties and processes is likely to affect plants growth
and development (Singh et al., 2010; Ukwattage et al., 2013).
Research has demonstrated positive beneﬁts of CFA land applica-
tion for improving soil properties and crop productivity (Skousen
et al., 2013).
Many workers (e.g., Ciravolo and Adriano, 1979; Elfving et al.,
1981; Aitken et al., 1984; Khan and Khan, 1996; Singh et al., 1997;
Matsi and Keramidas, 1999; Dwivedi et al., 2007; Tripathi et al.,
2009) have reported that CFA addition generally increases plant
growth (Table 2). However, the beneﬁcial effects of CFA on plant
growth and productivity are generally best realized when weath-
ered CFA is used because of the above discussed issues related to
pH, salinity and phytotoxicity (Ukwattage et al., 2013). Further-
more, in situations where soils have inherent structural and
nutritional limitations, the use of CFA can improve crop yields and
enhance food security (Ukwattage et al., 2013). Many Studies (e.g.,
Hill and Lamp, 1980; Elseewi et al., 1980b; Weinstein et al., 1989;
Sajwan et al., 1995) have demonstrated that CFA soil application
increased crop yield of alfalfa (Medicago sativa), barley (Hordeum
vulgare), Bermuda grass (Cynodon dactylon) and white clover
(Trifolium repens). Oil seed crops such as sunﬂower (Helianthus sp.)
and groundnut (Arachis hypogaea) also responded positively to CFA
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aromatic grasses, particularly palmarosa (Cymbopogon martini) and
citronella (Cymbopogon nardus), in CFA amended soil was attrib-
uted to increased availability of major plant nutrients (Asokan et al.,
1995). Gratima et al. (2005) found a gradual increase in the yield of
succeeding crops after CFA application, and suggested that the ef-
fect was probably due to the residual plant-availability of CFA-
borne nutrients in the soil.
The inﬂuence of CFA on plant growth, however, depends on the
application rate as summarized in Table 2. In a silt loam treated
consecutively with CFA at a rate of 90 t ha1 for 3 years, soybean
yield increased by about 10% (Kim et al., 1994). Addition of CFA up to
8% (w/w) to either calcareous or acidic soils resulted in higher yield
of several agronomic crops (Page et al., 1979), mainly due to
increased plant nutrients availability. Coal ﬂy ash applied on acidic
mine spoil strips at various ﬁeld locations increased the yield of
many crops which was attributed to increased soil availability of Ca
andMg and prevention of Al, Mn and other metallic ions toxicity by
neutralizing the soil acidity (Fail andWochok, 1977). Clearly the use
of CFA for reclamation of metalliferous abandoned mining sites or
sites affected by acid mine drainage can help neutralize the acidity
and mitigate associated problem of metal toxicity and at the same
time can supply key soil nutrients for land cover establishment.
Sikka and Kansal (1995) found that CFA soil application (2e4%,
w/w) had a beneﬁcial effect on the dry-matter yield of rice, but a
higher level (8%, w/w) had a signiﬁcant negative effect (Table 2).
Kim et al. (1997) also reported similar increases in Chinese cabbage
yield, and the concentration of PTEs in the tissues was not increased
following the CFA application. Likewise, plant growth was stimu-
lated considerably at the 10% (w/w) CFA application rate, as evi-
denced by 27% enhanced biomass, with an increase in leaf area and
plant height when compared to the untreated control (Singh et al.,
1997, Table 2). However, at a higher CFA application rate (30%, w/
w), plant growth was retarded, showing a decline of 27% in dry
matter production, though without any manifestation of metal
toxicity or mineral deﬁciency symptoms (Singh et al., 1997, Table 2).
Matsi and Keramidas (1999) studied the inﬂuence of CFA applica-
tion on ryegrass growth in two acidic soils. They found that total
biomass yield increased considerably following CFA application in
both soils. The highest yield was obtained when CFAwas applied at
50 g kg1 soil (5%, w/w; Table 2). In a 120-day greenhouse exper-
iment, Singh and Siddiqui (2003) investigated the effects of various
CFA soil application rates on the growth and yield of three cultivars
of rice, Oryza sativa. They found that the application rates of 20%
and 40% CFA resulted in major increases in plant growth and yield
of all three rice cultivars (Table 2). Similar effects of CFA in rice
production were obtained in other studies (e.g. Lee et al., 2006;
Dwivedi et al., 2007, Table 2).
Sinha and Gupta (2005) studied the effects of various levels of
CFA (10, 25, 50, 75 and 100%, w/w) on plant growth in a CFA
amended soil, seeded with Sesbania cannabina. After 90 days, they
found that shoot length and biomass increased up to the 25% CFA
application rate as compared to the untreated control soil (Table 2).
On the other hand, Singh et al. (2008) studied the effects of various
levels of CFA (0%, 5%, 10%, 15% and 20%) application on growth and
yield of Beta vulgaris L. The results showed that the higher appli-
cation doses of CFA (15 and 20%) caused signiﬁcant reductions in
the growth and biomass yield (Table 2). Tsadilas et al. (2009a)
conducted a ﬁeld experiment with an Alﬁsol amended with two
CFA application rates (5.5 t ha1 and 11 t ha1), where wheat
(Triticum vulgare) was grown in the CFA treated soil. They reported
that CFA application increased the biomass and grain yield of wheat
and the yield increased with the application rate (Table 2). Simi-
larly, in a pot experiment where Cajanus cajan was grown in a
garden soil amended with CFA (0, 25, 50 and 100%, w/w), theaddition of CFA at 25% application rate was found to have positive
results in most of the studied growth and yield parameters (Pandey
et al., 2009, Table 2). The results further conﬁrmed that the lower
CFA application rate (25%) was safe for C. cajan cultivation. How-
ever, the yield parameters were adversely affected at higher rates
(50 and 100%, w/w) of CFA compared to the control (Pandey et al.,
2009, Table 2).
A ﬁeld experiment was conducted by Tripathi et al. (2009) to
assess the effect of CFA application on the yield and nutrient
composition of wheat, maize and eggplant crops grown in
sequence on a previously uncultivated land. The ash was mixed
with soil at 100 t ha1. In the case of ﬁrst crop (wheat), the increase
in yield of grain and straw was 29.4% and 26.6%, respectively, over
the untreated control (Table 2). The residual effect of CFA was also
observed with increase in the yield of maize grain (33.1% e 2nd
crops) and eggplant (18.4% e 3rd crops). This clearly demonstrates
that when applied in appropriate amounts CFA as a soil amend-
ment can help increase and sustain crop productivity. Likewise,
ﬁeld experiments were conducted by Singh and Agrawal (2010) to
evaluate the effect of CFA on growth and yield of three locally
grown cultivars of an important leguminous plant mung bean
(Vignaradiata L.) on a soil amendedwith different levels of CFA (0, 5,
10, 15, and 20%, w/w). A signiﬁcant positive response in all the
growth parameters was recorded at 10% CFA treatment for all the
cultivars tested (Table 2).
An interesting alternative from a safety point of view is to use
CFA for ornamental plants and oil seed crops, which are grown for
their aesthetic purposes and thus the accumulation of TEs in plant
biomass is not of much concern. Experiments to evaluate the effect
of CFA application (0%, 25%, 50%, 75% and 100%) on growth and
yield of Mentha piperita plant (essential oil bearing crop) showed
that application of CFA at >50% reduced plant growth and oil yield,
whereas addition of CFA at level of 50% exhibited positive results
(Kumar and Patra, 2012, Table 2).
The ﬁndings from abovementioned studies conclude that
application of agronomic doses of CFA improves soil properties and
fertility as well as enhances growth and yield of crops. However,
CFA when applied in larger amounts than site-speciﬁc re-
quirements adverse effects are inevitable. In such situations,
retardation of plant growth could result from metal toxicity and
low availability of nitrogen (usually not present in CFAs in any
signiﬁcant amounts) and phosphorus (CFAs contain considerable
amounts of P but is not in a forms readily available to plants).
Furthermore, given the variability in the nature and composition of
CFA (pH, major- and micro-nutrients) and that of soil (pH, texture,
fertility), a speciﬁc CFA application rate cannot be recommended.
For example, an already fertile soil may not show any positive ef-
fect, and if the CFA application signiﬁcantly raises its pH it may even
have negative effects on plant growth due to reduced supply of soil
nutrients. Clearly all these factors should be taken into consider-
ation in order to work out appropriate rates of CFA application for
soil site-speciﬁc improvements.
5. Impact of CFA on plant-availability and uptake of nutrients
and TEs
Coal ﬂy ash can be a valuable source of readily available plant
micro- and macro-nutrients (Table 1). Fly ash has been used as a
source of essential plant nutrients in agriculture and forestry (Ram
et al., 2006a, 2007). The resultant increase in soil nutrients by CFA
application is expected to enhance crop productivity (Sims et al.,
1995), as noted in Section 4. Coal ﬂy ash inputs in general greatly
increase soil content of P, K, B, Ca, Mg, Mn, Zn, carbonate, bicar-
bonate, and sulphate (Khan and Singh, 2001). The use of CFA in
agriculture has been based on its liming potential and supply of
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growth and also alleviate the condition of nutrient deﬁciency in
soils (Kumpiene et al., 2007; Sajwan et al., 2003). Many greenhouse
and ﬁeld studies indicate that many chemical constituents of CFA
can improve the agronomic and fertility properties of the soil
(Adriano et al., 1980; Elseewi et al., 1981; Sikka and Kansal, 1995;
Singh et al., 1997).5.1. Impact of CFA on plant-availability and uptake of macro
elements
Table 3 summarizes the inﬂuence of CFA application on the
content of nutrients and TEs in plants grown on CFA amended soils.
Sikka and Kansal (1995) reported that rice grown on 7 soils
amended with CFA (0, 2, 4 and 8%, w/w) had increased uptake of
macro nutrients (N, S, and Ca; Table 3). Tripathi et al. (2009) eval-
uated the effect of CFA application (100 t ha1) on macro nutrient
uptake by wheat, maize and eggplant crops grown in sequence.
They found that the CFA application increased the plant uptake of
macronutrients (N, P, K, S, Ca and Mg), which is not surprising as
they found the ash, in addition to signiﬁcant amounts of these
nutrients, also contained 30 mg N kg1 (Table 3). Tsadilas et al.
(2009a) found that application of CFA to an acidic Alﬁsol under
ﬁeld conditions increased wheat plant concentrations of N, P, K and
Ca (Table 3).
Coal ﬂy ash does not seem to be an optimal source of P, partic-
ularly when compared with its readily soluble source e mono
calcium phosphate, biomass ash (rice husk ash), and bagasse ash
(Martens et al., 1970; Martens, 1971; Schiemenz and Eichler-
Lobermann, 2010; Thind et al., 2012). Similar ﬁndings of no sig-
niﬁcant change in plant available P were obtained following CFA
application to acidic soils (Sikka and Kansal, 1995; Matsi and
Keramidas, 1999; Tsadilas et al., 2009a, Table 3). In some cases
plant P uptake was reduced (Tsadilas et al., 2009b, Table 3), mani-
festing in P deﬁciency symptoms because of the decrease in P
availability to plants in ash treated soils. This is possibly due to CFA-
induced increase in soil pH (Adriano et al., 1978), and perhaps also
due to the interaction of CFA-borne Fe, Al and Cawith soluble soil-P
source, resulting in reduced soluble P supply.
The aforementioned studies show that CFA can be beneﬁcial for
crop production by improving the fertility and physical, chemical
and biological properties of the soil. There are examples of more
than 100% increases in crop yields with CFA application. On the
other hand, studies showmore than 50% reduction in plant growth
following CFA application, the adverse effects arising from phyto-
toxicity caused by trace elements and salinity of the ash (Table 3).
From various reviews and many individual studies reviewed here
(see Tables 2 and 3), it appears that rather than using the ash as a
general soil amendment it should be strategically selected to target
speciﬁc soil problems. This should be in situations in which CFA
provides a low-cost alternative to other products, and also poses
minimal risk to yield and its quality or to the environment.5.2. Impact of CFA on plant-availability and uptake of micro
elements
Plant uptake of micronutrients and PTEs is often reﬂective of
their amounts added through CFA additions unless the amendment
induces major changes in soil pH. In a ﬁeld study (1993e1996),
Adriano et al. (2002) assessed the effects of applying unusually high
rates (0, 280, 560, and 1120 t ha1) of CFA as a soil amendment for
turfgrass, seeded with centipedegrass (Eremochloa ophiroides). The
results showed that CFA soil application increased the plant tissue
concentrations of B, Mn, Se, and Zn (Table 3).Boron is a unique trace element. Although B is essential for plant
growth, the difference between its sufﬁciency and toxicity is the
smallest among the micronutrients (Mengel and Kirkby, 1987;
Bergmann, 1993). One concern for plants grown in CFA amended
soil is B toxicity due to signiﬁcant levels of B in CFA (Ukwattage
et al., 2013). Application of fresh CFA can produce B toxicity in
some plants, but B toxicity was not observed in plants grown on
soils amended with weathered CFA because most of plant-available
B readily leaches from soil (Clark et al., 2001).
Sinha and Gupta (2005) while comparing various levels of CFA
application (10, 25, 50, 75 and 100%, w/w) found that metal uptake
by Sesbania cannabina plants was in the order of
Fe >Mn > Zn > Cu  Pb > Ni, reﬂective of their additions and their
chemical behaviour in soils. The work of Tripathi et al. (2009)
further showed that CFA application enhanced the soil pool of
plant-available micronutrients (Fe, Mn, Zn, and Ni) while that of
some PTEs (e.g. Cu, Pb, Cr, Se, and Mo) was only slightly increased,
particularly for the second and third crops after the CFA application
(Table 3). The plant uptake of PTEs (Pb, Se, Cr, and Cu) while
elevated compared to the non-amended soil, they remained below
their threshold levels (Tripathi et al., 2009, Table 3). Overall, the
plant-available pool of micro-nutrients in the soils remained
greater than their respective untreated control, even after har-
vesting three crops, illustrating the usefulness of CFA for micro-
nutrient supply and soil fertility maintenance (Tripathi et al.,
2009). Similarly, Tsadilas et al. (2009a) found that application of
CFA to an acidic Alﬁsol ﬁeld soil increased wheat plant tissue
concentrations of B, Cu, and Zn, while those of Fe andMn decreased
(Table 3).
In another study, Singh et al. (2008) investigated the effects of
variousCFAapplication rates (0%, 5%,10%,15%and20%,w/w)onPTEs
accumulation by spinach (Beta vulgaris L.), a plant species known for
accumulating large amount of metals. The results showed that the
concentrations of Cu, Zn, Cd, Pb, Ni and Cr increased signiﬁcantly
with the CFA application rate (Table 3). The study concludes that
B. vulgaris can accumulate excess amounts of metals following CFA
application, which is hardly surprising as spinach and other leafy
vegetables are known to accumulate signiﬁcant amount ofmetals as
compared to seedor root crops (Hooda et al.,1997;Hooda, 2010). It is
thus advisable that leafy vegetable like B. vulgaris is not a suitable
crop to be grownwhere CFA is used as soil amendment. Gupta and
Sinha (2009) reported that accumulation of PTEs such as Ni and Pb
in Vigna radiate seeds was many times higher in CFA amended soils
compared to the non-amended soil (Table 3). Overall it seems the
use of CFA can be a useful source of essential micronutrients. Like
other wastes (e.g. sewage sludge), its land application in excessive
amounts or uncontrolled disposal is likely to present a signiﬁcant
risk of PTEs entry into the food chain.
6. Coal ﬂy ash application for reclamation of acidic and
degraded soils
Worldwide, nearly 2  109 ha of land is considered to be
degraded to some degree (Oldeman and Vanengelen, 1993) and
reclamation of such a vast land mass is necessary to meet the
increasing food production demand (Lin and Ho, 2003) and for
ecosystem restoration and functionality. In this regard, consider-
able research efforts have led to the development of practices
which rely on the use of amendments such as lime, gypsum and
organic materials for degraded land reclamation purposes. How-
ever, large-scale use of such amendments has been restricted due
to economic considerations and limited availability of the materials
needed. Industrial by-products, like coal and biofuel combustion
wastes, such as alkaline CFA can be used as a useful soil ameliorant
(Sajwan et al., 2003; Ukwattage et al., 2013; Skousen et al., 2013).
Table 3
Effect of CFA application on nutrients and TEs content in the grown plants.
Element Plant Plant tissue Concentrations FA application
rate, t ha1
References
Control FA-treated soil
Trace elements, mg kg1
Boron Turf grass Whole plant 10.8 22.3 280 Adriano et al. (2002)
13.7 560
13.8 1120
Ryegrass Above ground biomass 10e60 16e90 100 Matsi and Keramidas (1999)
Wheat Above ground biomass 9.5 11.0 5.5 Tsadilas et al. (2009a)
9.5 11.5 11
20.7 22.5 5.5 Tsadilas et al. (2009b)
20.7 19.0 11
Cadmium Chicory Aboveground biomass 2.6 1.8 60 Scotti et al. (1999)
Rice Grain 0.13 0.12 200 Rautaray et al. (2003)
Rice Straw 0.17 0.16
Mustard Seed 0.16 0.17
Mustard Stover 0.17 0.18
Copper Rice Above ground biomass 7.9 8.2 80 Sikka and Kansal (1995)
Wheat 7.6 7.8
Wheat Grain 2.2 2.6 100 Tripathi et al. (2009)
Maize Grain 2.1 2.2
Eggplant Fruit 4.0 4.6
Chicory Above ground biomass 8.3 6.8 60 Scotti et al. (1999)
Mustard Root 4.6 3.7 1000 Gupta and Sinha (2006)
Shoot 5.0 4.5
Seed 6.3 2.6
Wheat Above ground biomass 7.3 8.4 5.5 Tsadilas et al. (2009a)
7.3 8.4 11
32.5 33.7 5.5 Tsadilas et al. (2009b)
32.5 31.2 11
Zinc Rice Above ground biomass 26.3 23.3 80 Sikka and Kansal (1995)
Wheat 23.4 23.0
Wheat Grain 1.5 1.7 100 Tripathi et al. (2009)
Maize Grain 12.3 13.0
Eggplant Fruit 11.7 12.3
Chicory Above ground biomass 30.1 10.5 60 Scotti et al. (1999)
Mustard Root 12.2 38.5 1000 Gupta and Sinha (2006)
Shoot 11.8 8.1
Seed 18.5 13.4
Turfgrass Whole plant 59.2 44.0 280 Adriano et al. (2002)
59.2 41.0 560
59.2 43.8 1120
Wheat Above ground biomass 90 61 5.5 Tsadilas et al. (2009a)
90 113 11
58.5 53.0 5.5 Tsadilas et al. (2009b)
58.5 33.0 11
Manganese Rice Above ground biomass 25.6 26.1 80 Sikka and Kansal (1995)
Wheat 21.8 19.6
Wheat Grain 13.8 14.3 100 Tripathi et al. (2009)
Maize Grain 11.5 12.2
Eggplant Fruit 15.8 16.5
Mustard Root 3.7 3.6 1000 Gupta and Sinha (2006)
Shoot 13.2 9.4
Seed 15.5 10.5
Turfgrass Whole plant 264 104 280 Adriano et al. (2002)
264 100 560
264 100 1120
Wheat Above ground biomass 68.7 60.0 5.5 Tsadilas et al. (2009a)
68.7 48.5 11
152 31 5.5 Tsadilas et al. (2009b)
152 26 11
Iron Rice Above ground biomass 176 197 80 Sikka and Kansal (1995)
Wheat 138 127
Wheat Grain 34 38 100 Tripathi et al. (2009)
Maize Grain 28 29
Eggplant Fruit 11 12
Mustard Root 95 123 1000 Gupta and Sinha (2006)
Shoot 171 179
Seed 186 95
Wheat Above ground biomass 75 74 5.5 Tsadilas et al. (2009a)
75 71 11
(continued on next page)
S.M. Shaheen et al. / Journal of Environmental Management 145 (2014) 249e267 257
Table 3 (continued )
Element Plant Plant tissue Concentrations FA application
rate, t ha1
References
Control FA-treated soil
120 84 5.5 Tsadilas et al. (2009b)
120 118 11
Nickel Wheat Grain 0.67 0.73 100 Tripathi et al. (2009)
Maize Grain 0.50 0.65
Eggplant Fruit 0.26 0.31
Chicory Above ground biomass 7.2 6.0 60 Scotti et al. (1999)
Mustard Root 10.4 79.4 1000 Gupta and Sinha (2006)
Shoot 17.8 191.0
Seed 8.6 106.8
Rice Grain 2.2 2.1 200 Rautaray et al. (2003)
Rice Straw 1.4 0.8
Mustard Seed 1.9 1.1
Mustard Stover 0.7 0.6
Lead Wheat Grain 0.38 0.41 100 Tripathi et al. (2009)
Maize Grain 0.40 0.55
Eggplant Fruit 0.32 0.41
Mustard Root 1.0 1.5 1000 Gupta and Sinha (2006)
Shoot 0.9 1.9
Seed 2.9 2.2
Wheat Above ground biomass 12.5 21.0 5.5 Tsadilas et al. (2009b)
12.5 22.7 11
Molybdenum Wheat Grain 0.36 0.39 100 Tripathi et al. (2009)
Maize Grain 0.45 0.50
Eggplant Fruit 0.36 0.41
Turf grass Whole plant 4.5 18.0 280 Adriano et al. (2002)
4.5 28.7 560
4.5 35.6 1120
Selenium Wheat Grain 0.19 0.21 100 Tripathi et al. (2009)
Maize Grain 0.20 0.25
Eggplant Fruit 0.17 0.20
Turf grass Whole plant 0.13 1.2 280 Adriano et al. (2002)
0.13 2.3 560
0.13 4.0 1120
Chromium Wheat Grain 0.59 0.61 100 Tripathi et al. (2009)
Maize Grain 0.30 0.38
Eggplant Fruit 0.23 0.30
Macronutrients, mg kg1
Nitrogen Rice Above ground biomass 1.5 1.7 80 Sikka and Kansal (1995)
Wheat 2.8 2.8
Wheat Grain 1.9 2.0 100 Tripathi et al. (2009)
Maize Grain 1.5 1.6
Eggplant Fruit 2.0 2.1
Wheat Above ground biomass 1.0 1.2 5.5 Tsadilas et al. (2009a)
1.0 1.2 11
2.1 3.0 5.5 Tsadilas et al. (2009b)
2.1 3.2 11
Phosphorus Rice Above ground biomass 0.21 0.19 80 Sikka and Kansal (1995)
Wheat 0.27 0.27
Wheat Grain 0.23 0.27 100 Tripathi et al. (2009)
Maize Grain 0.16 0.19
Eggplant Fruit 0.14 0.17
Wheat Above ground biomass 0.42 0.44 5.5 Tsadilas et al. (2009a)
0.42 0.47 11
0.40 0.30 5.5 Tsadilas et al. (2009b)
0.40 0.37 11
Potassium Rice Above ground biomass 2.5 2.6 80 Sikka and Kansal (1995)
Wheat 5.1 5.1
Wheat Grain 1.6 1.6 100 Tripathi et al. (2009)
Maize Grain 1.5 1.6
Eggplant Fruit 2.0 2.1
Wheat Above ground biomass 0.9 1.1 5.5 Tsadilas et al. (2009a)
0.9 1.1 11
0.34 0.43 5.5 Tsadilas et al. (2009b)
0.34 0.44 11
Calcium Rice Above ground biomass 0.23 0.25 80 Sikka and Kansal (1995)
Wheat 0.01 0.01
Wheat Grain 0.15 0.18 100 Tripathi et al. (2009)
Maize Grain 0.14 0.17
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Table 3 (continued )
Element Plant Plant tissue Concentrations FA application
rate, t ha1
References
Control FA-treated soil
Eggplant Fruit 0.39 0.43
Wheat Above ground biomass 0.18 0.23 5.5 Tsadilas et al. (2009a)
0.18 0.22 11
0.53 0.74 5.5 Tsadilas et al. (2009b)
0.53 0.93 11
Magnesium Rice Above ground biomass 0.18 0.19 80 Sikka and Kansal (1995)
Wheat 0.20 0.21
Wheat Grain 0.10 0.13 100 Tripathi et al. (2009)
Maize Grain 0.08 0.11
Eggplant Fruit 0.19 0.23
Wheat Above ground biomass 0.08 0.08 5.5 Tsadilas et al. (2009a)
0.08 0.07 11
0.16 0.30 5.5 Tsadilas et al. (2009b)
0.16 0.31 11
Sulphur Rice Above ground biomass 0.18 0.19 80 Sikka and Kansal (1995)
Wheat 0.11 0.11
Wheat Grain 0.21 0.25 100 Tripathi et al. (2009)
Maize Grain 0.08 0.11
Eggplant Fruit 0.12 0.19
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materials suitable for reclamation of degraded soils (Pandey et al.,
2012). Results from many studies suggest enormous potential for
the use of CFA to improve cultivable, degraded/waste land and
mining-affected soils for agriculture and forestry (Ram and Masto,
2014). The concept of CFA application in agriculture and forestry is
not new. Because of its useful physico-chemical properties
including the considerable content of macro-nutrients (P, K, Ca, Mg,
and S) and micro-nutrients (Cu, Zn, Mn, and Fe), the use of CFA has
been advocated over the last three decades (Page et al., 1979;
Adriano et al., 1980; El-Mogazi et al., 1988; Yunusa et al., 2006;
Kumar and Patra, 2012). The presence of almost all essential plant
nutrients in CFA (Table 1) and its ameliorating effects on physical
and chemical nature of the soil thus makes CFA a useful amend-
ment for crop production especially for degraded soils and waste
lands (Ram et al., 2006b; Ukwattage et al., 2013).
The use of CFA on acidic soils can improve their physical,
chemical and biological properties (Pandey and Singh, 2010). Coal
ﬂy ash depending on its characteristics, including its acidity/alka-
linity could be used, as an ameliorating agent for acidic (Ram et al.,
2007) and sodic soils (Kumar and Singh, 2003), as an effective and
safe fertilizer (Gupta et al., 2004), and to convert the problematic
soils including wasteland into agricultural land or for re-vegetation
purposes (Bhumbla et al., 1991; Shukla and Mishra, 1986).
One foremost beneﬁcial use of CFA land application could be as an
amendment to mitigate problems associated with low soil pH. Many
acidic soils have sufﬁciently low pH (<5) to be detrimental to plants
(Kabata-Pendias, 2011). Some deleterious effects of soil acidity are
greater solubility of many TEs which may become phytotoxic and
detrimental to animals/humans when sufﬁcient quantities of these
elementsaccumulate inplant tissuesconsumedbyorganisms (Hooda,
2010;Kabata-Pendias, 2011). The pHof acidic soils usually needs to be
raised to alleviatemany detrimental effects that these soils induce on
plants and other soil biota. Although limestone [CaCO3 and/or
CaMg(CO3)2] has been commonly used as an amendment to increase
soil pH, many CFAs, especially those containing alkalizing agents [e.g.
CaO, Ca(OH)2, and CaCO3], have good potential to rectify soil acidity
problems. Onemajor problemwith calcitic limestone is that themain
reactive compound is so insoluble that it is only effective at the site of
incorporation in soil because it is not readily leachedordiffused in the
wider soil (Shaheen and Tsadilas, 2013).
Alkaline CFAs can be used as a substitute for lime and addi-
tionally they can supply vital plant nutrients. Tsadilas et al. (2009a)examined the effect of CFA application on soil properties and wheat
grown on an acidic (pH, 5.6) Alﬁsol. They concluded that CFA
application increased soil pH (from 5.6 to 6.6 and 7.5, respectively
for 5.5 and 11 t ha1 CFA application rates), with signiﬁcant
enhancement in wheat biomass and grain yields compared to the
untreated control soil. Therefore, CFA can ameliorate acidic and
degraded soils for the following reasons: CFA increases the surface
area available for element sorption, improves the physical proper-
ties of soil (Gorman et al., 2000), neutralizes the pH of acidic soils
and renders most cationic metals less mobile (Ciccu et al., 2003).
Also, CFA contains K and alkaline earth elements (Ca, Mg) that are
essential plant nutrients. A mixture of CFA with acidic soils rich in
organic matter is expected to further enhance biological activity in
the soil (Jala and Goyal, 2006), reducing leaching of major nutrients
(Sajwan et al., 2003) and be beneﬁcial for vegetation (Rautaray
et al., 2003; Tripathi et al., 2009).
Acid mine drainage, mine-tailings ponds, and mineralized
waste dumps are sources of toxic metal pollutants and acidity.
Coal ﬂy ash as a soil amendment has been suggested to be capable
of restoring acid mine drainage affected land and increased metal
solubility problems (Misra et al., 1996; Iyer and Scott, 2001;
Xenidis et al., 2002). Studies have indicated that land application
of CFA improves the physical, chemical and biological qualities of
such mining activities affected soils. The use of CFA as a soil
amendment for contaminated mine sites would solve several
problems by reducing the amounts of other soil ameliorants
(fertilizers, lime) required and by decreasing the mobility and
bioavailability of PTEs (Ciccu et al., 2003; Mittra et al., 2005).
However, in view of the variability in the characteristics of CFAs
that are associated with location, feed coal, combustion conditions
and other CFA factors, the suitability of a particular CFA for a
speciﬁc soil/mine spoil needs to be carefully evaluated before it is
applied in order to maximize favourable results and to prevent
unexpected consequences.
7. Co-application of CFA with sewage sludge as soil
amendment
A considerable amount of research has assessed blending CFA
with a variety of organic and inorganic materials (e.g., gypsum, red
mud, animal manure, poultry litter, sewage sludge, compost, press
mud, biochar, etc.) for land improvement purposes. Co-application
of CFAwith thesematerials hasmany advantages, such as enhanced
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organic matter addition, microbial stimulation and overall
improvement in the soil general health. CFA blended with organic
and inorganic materials performs better than CFA applied alone
(Ram and Masto, 2014).
Sewage sludge (SS) is the most promising amendment for its co-
application with CFA. Both CFA and SS are produced in large
quantities; they contain useful nutrients and potentially toxic
chemicals. However, their controlled use as soil amendments can
turn them in useful resources. Combined use of CFA and SS for land
application could prove a beneﬁcial means of their disposal.
Because of their contrasting and complementary chemical prop-
erties and nutrient contents, land application of both products as
mixture thus can improve soil quality and crop production. This
could help alleviate waste disposal and management problems
associated with land application of SS or CFA separately (Sajwan
et al., 2003).
Historically, the use of CFA in agriculture has been based on its
liming potential and supply of essential elements such as Ca, B, S
and Mo. However, the use of CFA as an agricultural amendment can
be enhanced by blending it with potentially acid-forming organic
by-products such as SS, poultry and cattle manure which are rich in
N and P (Adriano et al., 1980). Moreover, the alkalinity of CFA should
promote the neutralization of acidic organic by-products induced
soil acidity, resulting from SS decomposition (Hooda and Alloway,
1993), thereby minimizing the bioavailability of PTEs. Sajwan
et al. (1995) conducted a greenhouse experiment to evaluate the
effect of CFA and SS mixtures in various ratios on the growth and
nutrient uptake by Sorghum vulgaris. They reported that the
application of 124 or 247 t ha1 of CFA and SS mixture increased
plant biomass by approximately 10-fold for all CFA þ SS mixture
ratios compared to the control soil, which received no nutrients or
manure application. Overall, the case study showed that a mixture
of CFA þ SS (1:1) as a soil amendment could provide beneﬁts in
terms of soil fertility improvement without any signiﬁcant risk of
soil, water or plants being contaminated, particularly when applied
at a reasonable rate of application.
Shaheen and Tsadilas (2013) studied the inﬂuence of CFA on
sorption and availability of phosphorus to canola grown in a pre-
viously SS-amended Alﬁsol. They reported that treatment of the SS-
amended soil by CFA increased signiﬁcantly canola biomass yield
and plant available-P compared to the control (previously SS-
amended soil). The beneﬁts of combined use of CFA and SS were
further illustrated in a ﬁeld study by Tsadilas et al. (2009a). The
study examined the inﬂuence of CFA and SS application either
separately or combined on wheat (Triticum vulgare) biomass pro-
duction and nutrient availability in an acidic Alﬁsol. The treatments
included fertilization with the conventional inorganic fertilizers (N
and P) and application of various doses of CFA applied alone
[5.5 t ha1 (CFA1) and 11 t ha1 (CFA2)] or mixed with SS [5.5 t CFA
ha1 þ 6 t SS ha1 (CFA1 þ SS1) and 5.5 t CFA ha1 þ 12 t SS ha1
(CFA1 þ SS2)]. Results from this study show that mixing of CFAwith
SS increased soil pH, organic matter content and soil nutrient
supply. Another study where an acidic Alﬁsol amended with
various doses of CFA i.e. 0.25% (CFA1) and 0.5% (CFA2), sewage
sludge 0.28% (SS1) and 0.56% (SS2), and coal ﬂy ashþ sewage sludge
(CFA1 þ SS1 and CFA1 þ SS2) illustrated the beneﬁts of combined
CFA þ SS application (Tsadilas et al., 2009b). For example, the re-
sults showed that CFA application with SS decreased signiﬁcantly
the TEs bioavailability compared to the control and SS alone
treatment. The mechanism behind reduced bioavailability of PTEs
by combined application of CFA and SS is due to their increased
sorption in the soil as found by Tsadilas et al. (2009c). The authors
found that simultaneous soil application of CFA and SS increased
the partition coefﬁcient (Kd) of Zn and Cu by 4.2 and 3.5 times,respectively as compared to soil amended with SS only. Similar
inﬂuence of CFA and SS application on Cd and Pb sorption by an
acidic Alﬁsol was also observed (Shaheen and Tsadilas, 2010). These
results (Tsadilas et al., 2009c; Shaheen and Tsadilas, 2010) suggest
that alkaline CFA is very useful as a low-cost sorbent for SS-borne
Cd, Cu, Pb and Zn, and can be used as an ameliorant for SS-
amended acidic soils. These ﬁndings are consistent with those of
Su and Wong (2004) who reported similar decreases in the
bioavailability of Zn, Cu, Ni and Cd in soils amended with CFA-
stabilized sewage sludge. The decrease in metal bioavailability (as
assessed by the DTPA extractability test) was supported by plant
metal uptake, as with increasing CFA amendment rate, concentra-
tions of Zn and Cu in corn shoot tissues decreased (Su and Wong,
2004). These results further demonstrate that CFA stabilized SS
not only improves the growth of corn but also reduces the
bioavailability of sludge-borne PTEs.
One concern though is that CFA stabilized SS or co-application of
CFA and SS may inhibit plant nutrient availability, particularly SS-
borne phosphorus. Recent work which investigated the inﬂuence
of CFA-stabilized SS on plant availability of P, Cu, and Zn in an in-
cubation experiment involving ﬂuvial and calcareous soils suggests
that the plant availability of P was not affected, while the avail-
ability of Cu and Zn decreased signiﬁcantly compared to the SS
treatment alone (Shaheen et al., 2012a). This, however, was a small
laboratory study and needs further investigation. Quite likely the
nutrient availability will be affected where CFA or CFA-stabilized SS
results in major increase in soil pH. Overall, it seems that co-
application of CFA with SS when applied in appropriate amounts
can be a useful source of major and micro-nutrients, and the
complementary properties (pH correction, buffering acidiﬁcation
following SS alone application, organic-C addition and improve-
ments in other soil physical, chemical and biological attributes) of
the mixture help bring better soil improvement compared to the
use of either CFA or SS alone.8. Use of CFA for contaminated land remediation
Preserving soils from degradation, particularly due to pollution
by toxic metals and organic pollutants is of increasing concern.
Even though many of the metals are essential in trace amounts for
plants, human health and other biota, at their elevated levels due to
pollution they are potentially toxic and thus present a great health
and environmental risk. The risk, however, can be mitigated by
controlling metal soil solubility. One of the most important
methods to decrease metals solubility and hence their plant
availability is liming, which increases soil pH and enhances metals
retention in the solid phase (Hooda et al., 1997; Hooda, 2010).
However, liming has several limitations. For example, it is not
efﬁcient in strongly acidic soils, as large amounts of lime are not
available in many regions of the world, and mining for lime has its
own environmental impact.8.1. Metal contaminated soils
The use of alkaline CFA may offer an alternative way of metal-
contaminated soil remediation/management via their immobili-
zation (Kim et al., 2012). This was demonstrated in a study where
CFA was used to stabilize a Pb- and Cu-contaminated soil
(Kumpiene et al., 2007). The results showed that soil amendment
with CFA reduced the leaching of Cu and Pb by an average of 96%
and 99.9% in laboratory batch experiments and by 96% and 97%,
respectively during the two-year ﬁeld trial period. The amendment
reduced the exchangeable metal forms, as estimated by different
physicochemical methods, likely resulting from the formation of
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sorption due to increased amount of sorptive sites.
The use of CFA seems to offer signiﬁcant metal immobilization
potential. For example, a laboratory column leaching study
demonstrated that relatively small additions of CFA to contami-
nated soils drastically reduced the toxic metal content in the
efﬂuent (Ciccu et al., 2003). Similarly, Dermatas and Meng (2003)
found that addition of CFA to metal-contaminated soils effectively
reduced metals leaching well below their nonhazardous regulatory
limits. One of the criticisms of such studies is that they are often
short-term and lack ﬁeld testing. Two recent long-term ﬁeld
studies by Mench et al. (2006) and Lopareva-Pohu et al. (2011)
dispel at least some of such criticisms. The effectiveness of CFA
for in situ remediation of a Cd- and Ni-contaminated soil in a long-
term ﬁeld experiment was assessed by Mench et al. (2006). Seven
years after treatment, CFA reduced labile fractions of Cd and Ni in
the soil and restored the activity of key soil hydrolases. Another
study where CFA was used to aid phytostabilisation of a site highly
contaminated with PTEs showed similar results. Eight years after
amending the site with CFA and planting with trees, the ﬁndings
show that soil extractable Cd, Pb and Zn were much lower than in
the reference control, at least partly due to soil pH buffering effect
of the CFA (Lopareva-Pohu et al., 2011).
The effect of CFA on metal mobility via its inﬂuence on soil pH
was further demonstrated by Houben et al. (2012), where the CFA
application reduced leaching and plant-availability of Cd, Zn and
Pb, mainly due to increased soil pH. The mechanism of metal sta-
bilization in a contaminated soil by silicon-rich amendments was
investigated by Gu et al. (2011). The results from their work indi-
cated that the application of CFA (20 and 40 g kg1) and steel slag (3
and 6 g kg1) increased soil pH from 4.0 to 5.0 and 6.4, decreased
the plant-availability of PTEs by at least 60%, and further sup-
pressed metal uptake by rice. X-ray diffraction analysis indicated
the mobile elements were mainly transformed as their silicates,
phosphates and hydroxides in the amended soil. Scotti et al. (1999)
in a study with different soils amended with CFA found that in
acidic soils the ash addition decreased Zn, Cu, Cd and Ni bioavail-
ability. The data obtained suggest that the alkalizing effects of CFA
can be utilized to reduce plant accumulation of PTEs, particularly in
poorly buffered acidic soils. However, the use of CFA in agriculture
as an amendment may cause deﬁciencies of some essential plant
nutrients where the soil pH becomes too alkaline.
Coal ﬂy ash because of its composition (alumina, silica, ferric
oxide, calcium oxide, magnesium oxide and carbon, and its physical
properties) is capable of retaining metals, even though it can be a
signiﬁcant source of them as well. This was demonstrated by
Tsadilas et al. (2009c) where they compared the inﬂuence of CFA
application (0.25% and 0.5%,w/w) onCu and Zn sorption byan acidic
soil. The distribution coefﬁcient (Kd) values for the 0.5% treatment
were about 10 and 7 times greater compared to those of the control
soil for Zn and Cu, respectively. Similar inﬂuence of CFA application
on Cd and Pb sorption by an acidic Alﬁsol was also observed
(Shaheen and Tsadilas, 2010). The increase in metal sorption
following CFA applicationmayalso be attributed to its alkalinity and
high contents of silica, alumina and iron oxides, which are strong
metal sorbents (Adriano et al., 1980). This interpretation is consis-
tent with the observations that the hydrous silicon oxide and
aluminium oxide in CFA can form complexes with metal ions by
chemical bonding (Pan et al., 2003). It would, therefore, appear that
CFA enhances soil metal sorption through a combination of mech-
anisms, such as, raising soil pH, supplying metal sorbents (e.g. silica
oxide, aluminium oxide) and by increasing soil surface area.
Bertocchi et al. (2006) also conﬁrmed the high sorption capacity of
CFA forAs, Cd, Cu, Pb andZn. The results of this investigation showed
that sorption capacity is strongly inﬂuenced by pH.8.2. Organic micro-pollutants contaminated soils
Soil amendments may increase/decrease the mobility of soil-
applied pesticides, thus can play a signiﬁcant role in managing
the risk of water resources contamination. Any amendment to soil
that changes its physico-chemical properties, which in turn, can
affect the sorption, transport and degradation of the soil-applied
pesticides. Coal ﬂy ash has shown signiﬁcant sorption capacity for
organic pollutant (Konstantinou and Albanis, 2000); therefore, its
application to soil may help reduce the downward mobility of soil-
applied pesticides, especially herbicides (Ghosh and Singh, 2012a).
Metribuzin is used as a selective herbicide for pre-emergence and
post-emergence control of annual grasses and broadleaf weeds in
sugarcane, soybean, wheat, etc. Metribuzin is weakly sorbed in soils
and thus has the potential of lateral and downward movement in
the soil (Singh et al., 2013a,b). Majumdar and Singh (2007) studied
the effect of CFA application at two rates [2.5% (CFA1) and 5%
(CFA2), w/w] on the sorption and mobility of metribuzin in soils.
Application of CFA increased the metribuzin retention in the soil.
Mass balance calculation indicated that in CFA1 column, only 26% of
the initially applied metribuzin was recovered in the leachate.
However, after 5% coal ﬂy ash (CFA2) amendment, no metribuzin
was recovered in the leachate. Compared to 97% leaching losses of
metribuzin from the untreated soil column, leaching losses of
metribuzin were reduced by 75e100% after the coal ﬂy ash
amendment. This study indicates that CFA was quite effective in
reducing the downward mobility of metribuzin in packed soil col-
umns of a sandy loam soil. These ﬁndingswere further conﬁrmed in
a recent work which examined the effect of CFA amendment on
metribuzin leaching from three soils (Singh et al., 2013a). Coal ﬂy
ashwas applied at 1, 2 and 5% levels in the upper 15 cm of the 30 cm
long packed soil columns. The results suggested a considerable
reduction in the leaching losses of metribuzin in CFA-amended
columns of all the three soil types and the effect increased with
the level of CFA applied. The high efﬁciency of CFA in reducing the
downward mobility of metribuzin in soils might be due to its high
sorption afﬁnity, as supported by ﬁndings of 15e92% increase in
metribuzin sorption by three Indian soils; the effect though varied
across the two CFAs and three soils used (Singh et al., 2012). These
results demonstrate that not all coal ﬂy ashes may be effective in
enhancing the sorption of metribuzin in soils to the same extent.
The sorption of metribuzin in CFA amended soils, however, is
likely to affect its persistence in soil, especially under ﬂooding
conditions. For example, Singh et al. (2013b) examined the effect of
CFA (1, 2 and 5%, w/w) amendment on the persistence of metri-
buzin in three Indian soil types. Metribuzin was more persistent in
the ﬂooded soils (predominantly anaerobic) than the non-ﬂooded
(aerobic) soils. Also, the high efﬁciency of CFA to sorb metolachlor
and atrazine in CFA amended Inceptisol and Alﬁsol has been
observed (Ghosh and Singh, 2012b). The ﬁndings suggested that
sorption mechanism of metolachlor and atrazine involved the
physical association at the sorbate surface.
Clearly the use of CFA can be considered only where excessive
past pesticide application has resulted in signiﬁcant pesticide
accumulation. This cannot be used as normal agronomic practices
such that apply CFA alongside pesticide so that pesticide leaching
risk can be mitigated.
9. Removal of PTEs and pesticides from contaminated
wastewaters using CFA
Water contamination with PTEs and pesticides represents a
potential threat to humans, animals and plants even at low con-
centrations (Hu et al., 2012; Wang et al., 2013). As, unlike organic
pollutants, PTEs are non-degradable and they can accumulate in
Table 4
Summary of trace elements adsorption from contaminated aqueous solutions and
wastewater streams by coal ﬂy ash (CFA).
Element Adsorption capacity, mg g1 References
As3þ 3.7e89.2 Pattanayak et al. (2000)
As5þ 7.7e27.8 Diamadopoulos et al. (1993)
0.02e34.5 Pattanayak et al. (2000)
Cd2þ 1.6e8.0 Ayala et al. (1998)
0.67e0.83 Bayat (2002a)
0.08e0.29 Bayat (2002c)
0.008e0.22 Bayat (2002c)
198.2 Apak et al. (1998)
195.2 Apak et al. (1998)
180.4 Apak et al. (1998)
0.05 Weng and Huang (1994)
18.98 Papandreou et al. (2007)
18.92 Papandreou et al. (2007)
Cr3þ 52.6e106.4 Cetin and Pehlivan (2007)
4.35 Gupta and Ali (2004)
41.61 Hui et al. (2005)
Cr6þ 2.92 Panday et al. (1984)
1.38 Banerjee et al. (2004)
1.82 Banerjee et al. (2004)
1.67 Banerjee et al. (2004)
0.55 Bayat (2002c)
0.82 Bayat (2002c)
4.25e4.35 Gupta and Ali (2004)
23.86 Bhattacharya et al. (2008)
Cu2þ 1.39 Panday et al. (1985)
1.18 Panday et al. (1985)
1.7e8.1 Ayala et al. (1998)
0.34e1.35 Bayat (2002b)
0.09e1.25 Bayat (2002b)
207.3 Ricou et al. (1999)
205.8 Ricou et al. (1999)
198.5 Ricou et al. (1999)
0.63e0.81 Lin and Chang (2001)
0.76 Rao et al. (2003)
7.5 Ricou et al. (1999)
20.92 Papandreou et al. (2007)
7.0 Hossain et al. (2005)
178.5e249.1 Hsu et al. (2008)
126.4e214.1 Hsu et al. (2008)
76.7e137.1 Hsu et al. (2008)
7.0 Gupta and Torres (1998)
Hg2þ 2.82 Sen and De (1987)
11.0 Banerjee et al. (2004)
12.5 Banerjee et al. (2004)
13.4 Banerjee et al. (2004)
Ni2þ 10.0e15.75 Banerjee et al. (2003)
0.40e0.98 Bayat (2002b)
9.0e14.0 Banerjee et al. (2003)
9.8e14.93 Banerjee et al. (2003)
0.06e1.16 Bayat (2002b)
1.12e1.70 Gupta et al. (2003)
3.9 Ricou et al. (1999)
Pb2þ 444.7 Yadava et al. (1987)
70.6 Gan (2000)
483.4 Yadava et al. (1987)
437.0 Yadava et al. (1987)
753.0 Yadava et al. (1987)
18.8 Diamadopoulos et al. (1993)
420.6 Apiratikul and Pavasant (2008)
Zn2þ 6.5e13.3 Banerjee et al. (2003)
7.5e15.5 Banerjee et al. (2003)
7.0e15.4 Banerjee et al. (2003)
0.25e2.8 Bayat (2002a)
0.25e1.19 Bayat (2002b)
0.07e1.30 Bayat (2002b)
2.34e2.54 Gupta and Ali (2000)
13.21 Gupta and Sharma (2003)
4.64 Weng and Huang (1990)
Table 4 (continued )
Element Adsorption capacity, mg g1 References
0.27 Weng and Huang (1994)
0.07e0.75 Weng and Huang (2004)
3.4 Ricou et al. (1999)
11.11 Gupta and Torres (1998)
7.03 Ho et al. (1989)
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streams before their discharge in order to meet increasingly strin-
gent environmental quality standards (Gupta et al., 2009; Hashim
et al., 2011; Shaheen et al., 2013). The removal of PTEs and pesti-
cides from contaminated wastewater has thus received much
attention (Shaheen et al., 2013).
Despite the availability of a number of cleanup technologies for
organic and inorganic chemicals contaminated wastewaters,
adsorption approaches still attract much attention. Certain indus-
trial waste products may have potential as inexpensive metal and
pesticides sorbents (Bailey et al., 1999; Gupta et al., 2002; Babel and
Kurniawan, 2003; Lu et al., 2005; Karatas, 2012; Shaheen et al.,
2013). Activated charcoal is the most commonly used sorbent for
removing pesticide residue from contaminated waters (Jiang et al.,
2006; Lopez-Ramon et al., 2007). However, because of the high cost
of activated charcoal, its use at large scale is very limited. In order to
overcome this problem, exploitation of newer, cheaper and indig-
enous waste materials for the removal of pesticides and other
contaminants from wastewaters have been the focus of recent
research.
Many studies have examined non-conventional alternative
sorbents produced from renewable and low-cost resources in terms
of their effectiveness compared to the traditional synthetic ion
exchangers (Hasany and Ahmad, 2006; Shaheen et al., 2012b, 2013;
Badruddoza et al., 2013). One of such alternative sorbents is CFA,
which has received special attention as an economical sorbent for
removing trace elements from wastewater due to its abundance
and easy availability. Numerous studies on the efﬁciency of CFA on
the sorption and removal of PTEs from aqueous solutions and
wastewater streams (Gupta and Torres, 1998; Weng and Huang,
2004; Alinnor, 2007; Pehlivan and Cetin, 2007; Wang et al., 2007;
Aydin et al., 2008; Koukouzas et al., 2010) have shown that CFA
can be used in wastewater treatment because of its major chemical
components such as alumina, silica, ferric oxide, calcium oxide,
magnesium oxide, and carbon, and its physical properties, such as
ﬁne particle size and high surface area, which together make CFA a
strong sorbent of both organic and inorganic contaminants.
Table 4 summarizes results of the use of CFA for PTEs removal
from wastewaters. Comparisons of CFA with other non-
conventional sorbents show that CFA is a good sorbent and can
be used effectively for the treatment of metal rich wastewaters.
Wang and Wu (2006), Fu and Wang (2011) and Ahmaruzzaman
(2011) have reviewed the environmental benign utilization of
CFAs as low-cost sorbents for the removal of various pollutants
from wastewaters. From the studies summarized in Table 4, it is
clear that CFA is a promising sorbent for PTEs removal from
wastewater streams.
Coal ﬂy ash is also being considered as a sorbent for the removal
of various organic pollutants from wastewaters (Wang and Wu,
2006). Many reports have highlighted the pesticide sorption po-
tential of CFA (e.g., Konstantinou and Albanis, 2000; Majumdar and
Singh, 2007) and have recommended it for removal of pesticides
fromwastewaters (Alam et al., 2000; Gupta and Ali, 2001; Lu et al.,
2005; Akhtar et al., 2007; Sharma et al., 2008). The results of these
studies indicate that the use of CFA for pesticides removal from
industrial and agricultural wastewaters can be useful. Also, the
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CFA has been reviewed by Ahmaruzzaman (2009). It is evident from
this review that CFA has demonstrated good removal capabilities
for various organic chemicals. Comparisons of the pesticide
removal efﬁciency of CFA with other low cost sorbents show that it
is highly effective. For example, Sharma et al. (2008) suggest that
CFA is capable of removing pesticides from aqueous solution, and
that at low pesticide concentrations (<10 mg ml1) it can remove
more than 99% of the contaminant.
After remediation, options for resultant ash sludge treatment
can include landﬁlling, incineration, stabilization and cement-
based solidiﬁcation. Chemical extraction, supercritical ﬂuid
extraction, bioleaching and electro-kinetic processes in removing
metals from contaminated CFA sludge have also been considered.
Whilst the use of CFA in wastewater treatment is a promising
technology, the disposal of spent-ash sludge can be problematic, as
its landﬁlling is not sustainable.
10. Discussion and conclusions
Coal ﬂy ash being a by-product of coal-ﬁred power production is
generated inmassive amountse globally some 750million tons per
year (Pandey and Singh, 2010). To meet the ever increasing global
electricity demand the use of coal for power production is
increasing year-on-year at a considerable rate and is projected to
increase further, with similar trends in CFA generation. A 50% in-
crease in CFA generation between 2005 and 2010 is a testimony of
the increasing use of coal for power production and the resulting
waste.
Coal ﬂy ash in the US or EU member states is not classiﬁed as
hazardous waste because CFA and other coal combustion by-
products have not been found to exhibit any of the characteristics
of hazardous waste: corrosivity, reactivity, ignitability and toxicity
(Feuerborn, 2011). This has allowedwidespread utilization of CFA in
construction industry (e.g. manufacturing cement, concrete pro-
duction, embankments and other structural ﬁlls, and brick
manufacturing), which is highly useful and provides an effective
replacement of natural resources. Likewise, CFA is commonly used
for geotechnical (soil-stabilisation, road construction) and land
restoration (open cast mines, quarries and pits) purposes. However,
there are no clear regulations, speciﬁcations or guidelines for CFA
use in agriculture, e.g. some US states regulate it but their guide-
lines vary. This lack of legislation or guidelines is one of the major
barriers to the use of CFA for general soil improvement purposes
(Ahmaruzzaman, 2010). Other barriers to the use of CFA in agri-
culture include distance of the source from the place of use.
Consequently, a considerable amount of CFA however remains
unutilized, stored around coal-ﬁred power stations. This situation
causes soil and water pollution, albeit on a local scale. The storage
of CFA in lagoons and/or land ﬁlling is not environmentally sus-
tainable, particularly when its generation in increasing amounts is a
continuous process. This has generated much interest in ﬁnding
alternative options for the disposal of unutilized CFA.
CFAs usually contain a number of beneﬁcial nutrients and
potentially harmful contaminants (e.g. metals, PCBs, PAHs). The use
of CFA for soil improvements can make it a useful resource but it
does represent some risk of soil andwater contaminationwith PTEs
and organic contaminants. As a result, the use of CFA for soil
improvement has received much scientiﬁc attention in the last
three decades (e.g., Adriano et al., 1980; El-Mogazi et al., 1988;
Yunusa et al., 2006; Ukwattage et al., 2013; Skousen et al., 2013;
Ram and Masto, 2014).
There is no doubt that CFA application as amendment is bene-
ﬁcial in a number of ways, as it can improve soil physical conditions,
e.g. water inﬁltration, soil water holding capacity, hydraulicconductivity, bulk density and soil aggregation (Adriano et al.,1980;
Pathan et al., 2003; Singh et al., 2010; Ukwattage et al., 2013;
Skousen et al., 2013). It can also help alleviate soil compaction
and improve aggregate stability of sodic soils (Kumar and Singh,
2003); can supplement useful plant nutrients, e.g. P, Ca, S, and
Mg, K, Fe, Mn, Zn, Cu, and B (Sajwan et al., 2003) and can help
correct acidic pH conditions (Ciccu et al., 2003; Shaheen and
Tsadilas, 2010). It is important to stress that soil and CFA proper-
ties need to be carefully considered as incorrect use of CFA may not
prove beneﬁcial and possibly may cause adverse effects including
toxicity (e.g. when acidic CFA is used in acidic soil or too large
amounts are applied) (e.g. Jala and Goyal, 2006; Patra et al., 2012a;
Ukwattage et al., 2013; Skousen et al., 2013; Ram and Masto, 2014).
Clearly, best outcomes in terms of soil improvements are likely only
either in soils which have undergone a considerable degree of
(physical and or chemical) degradation or those which are inher-
ently not fertile. Such CFA soil applications should be accompanied
by appropriate amounts of N and P inputs, as CFA contains very
little or no N and plant availability of CFA-borne P is limited. These
two nutrients (N and P) can be supplemented by using chemical
fertilizers or manures e the latter would be more beneﬁcial, as it
would also add much needed organic carbon in such soils (Page
et al., 1979; Adriano et al., 1980; Ram and Masto, 2014). Clearly
co-application of CFA with organic and inorganic amendments of-
fers many advantages in terms of nutrient availability, pH buffering,
organic matter addition, and overall general soil improvement.
Co-application of CFA with sewage sludge (SS) can be particu-
larly beneﬁcial for soil improvements and at the same time it offers
a sensible means of disposal of both CFA and SS, which are pro-
duced in large amounts. While both contain nutrients and con-
taminants, and SS application is often regulated by metal loadings,
the mobility and hence environmental risk of SS-bone metals
usually increases once SS breaks down (Hooda and Alloway, 1993;
Sajwan et al., 2003; Hooda, 2010). Co-application of CFA with SS,
particularly that of alkaline reaction can help mitigate this risk, and
at the same time it, i.e. SS supplies much needed N, P and C
compared to CFA alone application. Such a co-application is
particularly useful in the restoration of soils affected by acid mine
drainage (AMD), where a mixture of alkaline CFA and SS can help
neutralize AMD and thus stabilize mining-mobilizedmetals, supply
all essential nutrients, including organic carbon and ultimately can
help establish an effective plant cover and restore the site (Misra
et al., 1996; Iyer and Scott, 2001; Xenidis et al., 2002).
Likewise, the use of alkaline CFA is likely to help in the reme-
diation of metal contaminated sites by immobilization of metals via
raising soil pH and formation of stable metal phases (Hooda and
Alloway, 1996; Hooda et al., 1997; Mench et al., 2006; Hooda,
2010; Lopareva-Pohu et al., 2011; Kim et al., 2012; Skousen et al.,
2013; Ram and Masto, 2014). However, it is important that such a
use of CFA should not lead to further elevation of total metal levels
in the soils. Since CFA is a strong sorbent, it has the potential for
effective removal of PTEs and pesticides from wastewater streams.
This, while can be a cost-effective means of wastewater treatment,
it presents challenges in terms of disposal of the spent CFA, which
would have much increased contaminants load (Ahmaruzzaman,
2010).
Constraints to the use of CFA as soil amendment could be both
insufﬁcient or excessive amounts of CaCO3, CaO, and/or Ca(OH)2 in
raising soil pH insufﬁciently or too much; its high B content can
induce B toxicity in plants (Tolle and Arthrur, 1983; Aitken et al.,
1984); inhibition of microbial respiration and enzyme activity,
resulting from its possible adverse effects on soil conditions
(Pandey and Singh, 2010). Excessive CFA-borne sulphur can be toxic
to plants, and excessive amounts of undesirable PTEs e.g. As, Cd, Cr,
Ni, Pb, B and Se (Sajwan et al., 2003; Ram and Masto, 2014) and
S.M. Shaheen et al. / Journal of Environmental Management 145 (2014) 249e267264organic contaminants (PAHs and PCBs) could potentially contami-
nate water and pose toxicity to plants, animals andmicroorganisms
(Sahu et al., 2009).
It should be stressed here that these potential problems can be
mitigated by applying appropriate amounts of CFA, considering site
speciﬁc conditions. Thus, most constraints should not impose
problems in CFA use for soil improvements, provided the suitability
of CFA is evaluated beforehand and suitable application rates are
worked out. Whilst there is a lack of regulations or guidelines, the
use of CFA for soil improvement should not exceed soil contami-
nant loadings as permitted for other wastes, e.g. sewage sludge.
Excess application of CFA to soils is likely to offset its positive ef-
fects. This review emphasizes that selection of CFA for speciﬁc
problems is to be based on the consideration of both the nature and
properties of the soil and CFA. Furthermore, whilst the levels of
organic contaminants in CFA (e.g. PCBs and PAHs) seem to be
similar or lower than those permitted for land disposal of other
wastes e.g. SS, further work is required on the persistence of such
CFA-borne organic contaminants. Nonetheless, CFA application
should not result in signiﬁcant elevation of such contaminants,
provided used prudently.
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